The paper presents the results of numerical calculations of the stability and deformation process of several idealized slopes performed by the elasto-plastic finite difference method, using the commercial codes FLAC3D and FLAC2D. The results of 3D analysis of these slopes are compared with those obtained by the 2D method. The behaviour of slopes of different shapes and inclinations was analyzed. The calculations were carried out for flat, concave and convex slopes inclined at 30
Introduction
Recently, there has been a significant increase in the use of three-dimensional (3D) numerical methods for establishing the stability of slopes. The advantages of the 3D methods over the 2D approach to analyzing the stability of slopes are well recognized (Griffith and Marquez 2007; Zabuski 2005 ). The present paper reports the results of a 3D analysis of the influence of slope morphology on its stability conditions. Deformation processes were simulated by the computer code FLAC3D (Itasca 1997) , based on the finite difference method for calculations of the stress and strain distribution (Chugh 2003) . Stability was also analyzed for the plane (2D) model of the slope, i.e. in a plane strain state. The results obtained by these two approaches were compared, and conclusions were drawn with regard to the safety factors obtained by the 2D and 3D methods.
Several authors have compared the results of 3D analyses with those obtained by 2D analyses (Bromhead and Martin 2004 , Chang 2002 , Chen and Chameau 1982 , Farzaneh and Askari 2003 , Huang et al 2002 , Hungr et al 1989 , Lam and Fredlund 1993 , Zhang 1988 , Stark and Eid 1998 . Safety factors computed in 3D trials are almost universally higher than those obtained by the 2D analysis (Hutchinson and Sarma 1985, Hungr 1987) , unless the medium is heterogeneous (e.g. Duncan 1996, Arellano and Stark 2000) .
The schemes of slopes built of an isotropic elasto-ideally plastic medium, which obeys the Coulomb-Mohr criterion and a non-associated flow rule, were analyzed (Zabuski 2002) . The lateral walls of the models were either fixed or constrained by the assumption of their high strength parameters. In addition, the behaviour of the slopes was investigated in two "idealized" variants. The first one assumed a non-cohesive medium (e.g. sand-like soil), while in the second variant the angle of friction was equal to zero (e.g. clay).
The 3D models of slopes analyzed in this paper are comparable to real objects built of softened rock/soil mass. Landslides develop in zones of tectonic disturbances (e.g. faults, fault zones). The tectonically disturbed (softened) zones are usually loose and fragmented, whereas the surrounding massif tends to have better geomechanical properties. Therefore it seems that the idealized models adequately represent natural slopes, at least to some extent.
Models of Slopes
The following models of slopes were analyzed: -flat wide (Fig. 1A) , -flat narrow (Fig. 1B) , -concave -constrained lateral walls ( Fig. 2A) , -concave -arch (Fig. 2B) , -convex -arch (Fig. 3A) , -convex -arch, constrained lateral walls (Fig. 3B ).
(A) (B) • and 60
• were analysed for each of the above-mentioned models (the figures show slopes inclined at 30
• ). The limited values of the angle of friction and cohesion were calculated for each of the models. These values were compared with those calculated for the remaining models and with parameters determined by 2D calculations using FLAC2D (Itasca 2000) .
The medium composing the slopes is isotropic, homogeneous and elasto-ideally plastic with the following parameters:
-elasticity modulus E = 10 MPa, -Poisson's coefficient ν = 0.35, -tension strength = 50% × cohesion, -non-associated flow rule, dilatation angle = 25% × friction angle. The numerical analysis aimed to establish the limited values of cohesion and the angle of friction, i.e. the values corresponding to the limited state of stability (where F = 1.0). Table 1 shows the values representing cohesion and the angle of friction corresponding to the limited state of stability for the different slopes analyzed. Figures 4A and 4B present the limited values of cohesion and the angle of friction as a function of the slope inclination for all models. These diagrams make it possible to compare the conditions of stability loss in each of the variants tested. The higher the location of the curve, the larger the strength parameters necessary for assuring slope stability on the limit equilibrium level (Cavounidis 1987) . The 2D slope turned out to be the least stable in the cases of both no cohesion and no angle of friction. The highest limited values of the angle of friction, close to Φ obtained by 2D calculations in the medium without cohesion, were determined for the convex slopes. The highest values of cohesion in the case of the medium without friction were determined for the flat wide slope, but they are significantly lower than the values from 2D calculations. Figures 5A and 5B present the values of (c 2D − c lim )/c lim and (Φ 2D − Φ lim )/Φ lim in ascending order for the slope models (shown on the horizontal axis). High values of these ratios indicate a more prominent influence of a three-dimensional shape of the slope and the constraints of lateral walls on the stability]. Differences emerged between the media without friction and without cohesion. In the case of no friction, the extent of displacement is large (Silvestri 2006) : the landslides are extensive and deep. The impact of lateral constraints is considerable, whereas the significance of the shape of the slope is relatively smaller. In the case of no cohesion, the shape of the slope plays a more important role, with the convex and flat wide slopes being the In addition, the differences between the limit values obtained in 2D and 3D analyses and between the slope shapes also depend on the slope inclination. In the cases of the non-cohesive medium, these differences are significant, and they are bigger for steeper slopes (see Fig. 5A ). In the frictionless medium, the influence of the inclination is less prominent, and the dependence is different than in the non-cohesive case in that the differences are bigger for smaller slope inclinations (see Fig. 5B ; c lim and Φ lim represent the limit values of these parameters, corresponding to the onset of the 3D model failure).
Calculation Results: Presentation and Discussion
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The failure mechanism is determined by the following factors: -slope shape (flat, concave, convex); -slope inclination; -strength properties of the medium (non-cohesive, frictionless); -lateral constraints of the slope.
While the slope shape is of minor importance in determining the failure mechanism, the impact of slope inclination is much more significant. In the non-cohesive medium, when the inclination is 60
• or 45
• , the dominant failure mechanism is toppling, and the typical slide occurs when the inclination is low (e.g. 30
• , Fig. 6 ). In the case of a large inclination, the failure process is initiated in the uppermost part of the slope, and the process of deformation has a "local" character, affecting only a small part of the slope and leaving its lower part intact. If the inclination is smaller, the slide begins in the upper part and extends approximately to the slope base.
These results suggest that landslides on steep slopes rarely occur in the form of classical slides, and their extent is concentrated in the upper part of the slope and first of all have a toppling or rockfall character. The interpretation of the processes as phenomena embracing the whole slope (from the crown to the toe) is therefore incorrect in some cases.
The landslide processes in a highly cohesive medium unfold in a different way. The slip surface has an approximately circular shape and "runs" partially below the slope base. Its outcrops are in the toe region, where they create bulges (Fig. 7) . Figures 7a-c present the bulges in a schematic way and Fig. 7d shows the example of very distinct natural bulge on the road at the toe of the landslide. Such phenomenon is the effect of the pressure exerted by the mass lying in the upper part of the slope. The extent of deformation in the flat region of the slope crown is the bigger, the smaller the slope inclination. In other words, the volume of the landslide depends on the slope inclination.
The landslide processes in masses without cohesion (e.g. loose debris, non-cohesive soil) occur at relatively shallow depths. The failure develops in a shear mode, whereas when the slope is steep, the failure occurs in a toppling mode. Slopes composed of massifs having large cohesion fail in the form of both slides and tension in the uppermost zones of the slope (Fig. 8) .
The lateral constraints of slopes have a major impact on the stability conditions and failure mechanism. However, this influence depends on the slope shape and is most significant for convex slopes.
Summary and Conclusions
• The overall strength of the slope, representing its global resistance against the loss of stability, is higher (in some cases considerably) when computed by the 3D method than it is when calculated in two dimensions, i.e. under the plane strain conditions. show the highest stability.
• The lowest safety factors in 3D calculations were obtained for the flat and wide slope. In this case, the distance between the lateral constraints is large and therefore their influence is small. This model is closest to the 2D model. • Unlike slope stability, which depends on the slope shape and lateral constraints, the failure mechanism is mainly determined by the mass properties (material without
The Influence of Slope Geometry on its Stability: Spatial and Plane Analysis . . . • friction or cohesion) and the slope inclination (Zabuski et al 1999) . If the slope is steep, toppling or rockfall in its upper part is the dominant mechanism of failure. If the inclination is smaller, classical slides occur (see Fig. 6 ). It could be estimated that the borderline between toppling and slide failures lies in the range between 35
• and 40
• .
• The depth of the deformation process in non-cohesive media is relatively small, and the landslides generated have a translational character. In frictionless media, deep rotational slides occur (Fig. 9 ). In the case of no cohesion, the main scarps are flat, whereas in the case of no friction, they are circular. Thus it is possible to estimate the character of the landslide on the basis of the shape of its main scarp.
• In the case of a shallow movement, the extent of the deformation zone is limited approximately to the upper half of the slope. The movement is initiated in the upper part of the slope, and the broken or sliding massif is accumulated in its lower part, covering the original, often intact, surface.
• Some conclusions emerging from the 3D analysis can also be drawn on the basis of 2D calculations, even those using simple material models and limit equilibrium methods. Nevertheless, the numerical calculations presented in this paper offer additional benefits, making it possible to identify crucial deformation processes that occur in nature (e.g. toppling or the creation of broken zones in the crown of the slope) (Bober et al 1997, Bober and Zabuski 1993) . Such processes cannot be identified using the limit equilibrium method and the rigid-ideally plastic model of the medium.
• Three-dimensional analysis is more realistic than 2D solutions. It is more accurate and promotes a better understanding of the nature of the slope deformation and failure mechanism. 
